It is of great significance to generate a promising routine by the consideration of economic, environmental, safety, and energy consumption aspects simultaneously in the early stages of chemical process design. In order to achieve this goal, a method based on multi-objective programming is proposed. The detailed models are presented. Mixed integer linear programming (MILP) approach is used to solve this multi-objective problem. The method is demonstrated in the case study of polyvinylchloride (PVC) process design. Lots of reaction routes are selected by using multi-objective programming. The results showed that ethane-propane steam cracking-balanced oxychlorination of ethylene-vinyl chloride suspension polymerization process is a promising route. It not only results in chemical process that is safer and environmental conscious but also leads to reduced energy consumption and costs.
Introduction
Driven by ever-increasing demand from the domestic manufacturing sector, China's chemicals industry will continue to grow at a spectacular rate for next decades. It is a large consumer of resources and energy. In 2010, the Chinese chemical sector's energy consumption accounts for 15.2 per cent of total national energy consumption. It is also the key source of environmental pollution and process safety risk problems. In order to implement industrial sustainable development, it is imperative for the chemical process planning to make optimal use of raw materials and energy at a desired economic performance, and to develop a safer and environmental conscious process system. Lots of work is required, such as multiobjective modelling and planning. Chemical reaction routines' planning is highly sophisticated and important in the chemical industry. Each routine has its own advantages, but, at the same time it has deficiencies inevitably because of different concerned objectives. Therefore, it is important to identify the high economic efficient, low environmental impact, high safety, and low energy consuming reaction routines at the early planning stages. The goal of this work is to trade-off these four objectives to determine the optimal reaction routine. A generalized multi-objective mathematical model is presented. Polyvinyl chloride (PVC) production routine as the case study is presented to illustrate the proposed method.
Definitions of Multiple Objectives

Economic Objective
Economic performance can be indicated by net present value, internal rate of return, discounted cash flow rate of return, economic value added and other indicators [1~3] . In the early planning stages the project lacks sufficient information to conduct a detailed economic evaluation. As its simplicity, economic added value can be used in the early stage of the planning. Therefore, this paper chooses economic added value as economic objective.
Environmental Objective
A number of concepts of environmental protection are developed, for example, waste minimization, life cycle assessment, industrial ecology and so on [4, 5] . Young et al proposed waste reduction algorithm to evaluate the potential environmental impacts of the chemicals throughout their life cycle [6] . Pennington et al proposed a method of estimate the relative potential impact value [7] . Gunasekera et al proposed atmospheric hazard index to assess the potential impact of airborne releases from a chemical production plant [8] . The National Fire Protection Association developed a simple system for indicating the health, flammability and reactivity hazards of chemicals [9] . The Indiana Relative Chemical Hazard Score (IRCHS) is comprehensive, including the environmental hazard component of water hazard value, air hazard value, land hazard value, global hazard value and worker hazard component of health effects hazard value, exposure hazard value, safety hazard value [3] . This paper chooses IRCHS as environmental objective.
Safety Objective
Dow Fire and Explosion Index and Mond Index are two widely used methods. Edwaeds et al proposed prototype intrinsically safe index (PIIS) [10] . Heikkilä proposed intrinsically Safe index on the basis of PIIS [11] . Palaniappan et al proposed i-safe method [12] . Developing a simple hazard index for systems need to distinguish the important factors affecting the system and their contribution to safety aspect. AlSharrah put forward a new safety index, the indicator evaluates the safety of chemicals by the number of potential affected people caused by chemical spill that on the assumption, and is a simplified safety index [13] . This paper selects this new simple safety index.
Energy Objective
To achieve the maximum utilization of energy resources, it has great significance to energy saving in chemical Industry. Energy saving can reduce production costs and environmental impacts. Rudd et al listed unit energy consumption of chemicals in their book [14] . The minimum energy consumption is used as the objective for energy consumption. [3] mass balance: 
Planning Model
Model Constraints
（2）
The final products yield is controlled by the market demand and corporate market share in the programming model. 
（6）
The formula is only used to 2 I that represent a collection of raw materials. Not all of the materials are contained in 2 I , because some additives or demand are very little.
capital budget: 
ERU
respectively represents the corresponding maximum index value. The multi-objective planning model is normalized using the maximum index value, to solve the problems that single-objective having different forms and units can't be calculated. The result of the model solution represents the optimal reaction routine. All the above models are based on the reference [3] .
Case Study: PVC Production
Polyvinyl chloride (PVC) processes is used as the case study. After refer to literature and related information, the reaction path network is determined, shown in Figure 1 . The whole production routine is composed by 5 acetylene production routines, 11 ethylene production routines, 2 1,2-dichloroethane production routines, 3 vinyl chloride production routines and 2 PVC production routines. The production routines has 16 kinds of chemical substances, including methane, acetylene, ethylene, PVC, etc. The solution obtained by economic, environmental, safety or other single-objective is usually conflicting, high economic value added is often accompanied by high environmental impact, low safety etc. For example, When the model was solved with a single economic objective, the economic index value is 21643.5×10 4 $/a, the safety index value is 1692 persons/a; when the model was solved with a single safety objective, the safety index value is 959 persons/a, the economic index value only is 3888.2×10 4 $/a. The model is solved by GAMS mathematical programming software. The results are shown in Table 1 . 
Conclusion
The reaction routine selection problem can be considered as a multi-objective modelling and planning problem with the consideration of economic, environment, safety, energy aspects. This paper has presented multi-objective mixed integer linear programming model to deal with reaction routine selection problem. PVC production routines are used as an example. This method can be extended to the entire chemical industry, as well as a regional energy resource and environmental issues.
